We show that it is possible to accommodate the observed size of the phase in B 0 s -B 0 s mixing in the framework of a model with violation of 3 × 3 unitarity. This violation is associated to the presence of a new Q = 2/3 isosinglet quark T , which mixes both with t and c and has a mass not exceeding 500 GeV. The crucial point is the fact that this framework allows for χ ≡ arg(−V ts V cb V * tb V * cs ) of order λ, to be contrasted with the situation in the Standard Model, where χ is constrained to be of order λ 2 . We point out that this scenario implies rare top decays t → cZ at a rate observable at the LHC and |V tb | significantly different from unity. In this framework, one may also account for the observed size of D 0 -D 0 mixing without having to invoke long distance contributions. It is also shown that in the present scenario, the observed size of D 0 -D 0 mixing constrains χ ′ ≡ arg(−V cd V us V * cs V * ud ) to be of order λ 4 , which is significantly smaller than what is allowed in generic models with violations of 3×3 unitarity.
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Introduction
The Standard Model (SM) describes flavour mixing and CP violation through a 3 × 3 unitary CKM matrix, characterized by four independent parameters. At present, the SM and its built-in CKM mechanism [1] for mixing and CP violation are in good agreement with most of the experimental data [2] , which constrain the size of New Physics [3, 4] . This is a remarkable achievement, in view of the enormous amount of data which has to be described by the four independent CKM parameters. Recently, some experimental evidence hint at potential deviations from the SM predictions: the flavour-tagged determination of mixing induced CP violation in B s → J/ΨΦ decays [5, 6] and eventually the measurement of D 0 -D 0 mixing [7] , if long distance contributions to the mixing are not dominant. There are also hints related to b → s penguin transitions [8] .
In this letter, we address the question of whether it is possible to find a New Physics (NP) explanation for these recent experimental results. The assumption of 3 × 3 unitarity of the CKM matrix, is one of the crucial ingredients in most of the tests of the flavour sector of the SM. Therefore, we find it reasonable to analyse the above question in the framework of models where there are small violations of 3 × 3 unitarity of the CKM matrix. It is clear that any plausible extension of the SM where deviations of unitarity occur, should provide a natural explanation for the smallness of these violations. This is crucial, since deviations of 3 × 3 unitarity of the CKM matrix automatically lead to flavour-changing neutral currents (FCNC) couplings which are known from experiment to be severely suppressed. The simplest models with naturally small violations of 3 × 3 unitarity are those with vector-like isosinglet quarks [9] [10] [11] [12] [13] [14] . Since both the left and the right components of these quarks are SU(2) singlets, their mass scale M can be substantially larger than the mass scale of standard quarks. In this class of models, there are violations of 3 × 3 unitarity which are naturally suppressed by the ratio m 2 /M 2 . These violations of unitarity in quark mixing are entirely analogous to violations of unitarity which are present in the leptonic mixing matrix, when the seesaw mechanism [15] is used to explain the smallness of neutrino masses. We will show that within the framework of Q = 2/3 vector like quarks, one may account for both the size of D 0 -D 0 mixing, as well as the value of the phase in B 0 s -B 0 s mixing. The crucial point is that in the above framework, some of the exact SM unitarity relations [16] , connecting moduli and rephasing invariant phases are significantly modified, in the presence of small unitarity violations. In particular, we show that the rephasing invariant phase χ ≡ arg(−V ts V cb V * tb V * cs ) can be much larger than in the SM, giving rise to a value compatible with the mixing induced CP asymmetry in B s → J/ΨΦ. We point out that a clear-cut prediction of this scenario are top decays t → cZ at a rate observable at the LHC. This paper is organized as follows. In the next section we briefly describe the framework and set our notation. In section 3, we point out the main physical implications of small violations of 3 × 3 unitarity, in the context of the present framework. Specific examples are given in section 4, with detailed analyses of their physical consequences. Finally, our conclusions are contained in section 5.
Notation and framework
For definiteness, let us consider an extension of the SM where only up-type isosinglet quarks are added to the spectrum. In this case, the 3 × 3 quark mixing matrix connecting standard quarks is a submatrix of a larger unitary matrix U. Without loss of generality, one can choose a weak basis where the down quark mass matrix is diagonal, real. In this basis, U is just the 4 × 4 unitary matrix which enters the diagonalization of the up quark mass matrix. With no loss of generality, one can also use the freedom to rephase quark fields, to choose the phases of U in the following way:
where the four rephasing invariant phases are 1 [17, 18] :
It should be emphasized that independently of the dimensions of U, only the four rephasing invariant phases in Eq. (2) enter its 3 × 3 sector connecting standard quarks. In the three generations SM, these four rephasing invariant phases and the nine moduli of V are related by various exact relations [16] which provide a test of the SM. It can be readily verified that in the context of the SM, the phases χ and χ ′ are small, of order λ 2 and λ 4 , respectively, with λ ≃ 0.2. It has been pointed out that in the framework of models with up-type isosinglet quarks [14] , one can obtain larger values of χ, of order λ.
As above mentioned, we assume that there is only one up-type isosinglet quark, which we denote T. In the mass eigenstate basis the charged and neutral current interactions can be written:
where u = (u, c, t, T ), d = (d, s, b), while V is a 4 × 3 submatrix of the 4 × 4 unitary matrix U which enters the diagonalization of the up-type quark mass matrix:
It is clear from Eqs. (3, 4) , that V V † = 1, which leads to FCNC in the up-quark sector. The salient feature of this class of models with isosinglet quarks is that there are naturally small violations of unitarity. It is clear from Eq. (4) that the columns of V are orthogonal, while its rows are not.
Physical implications of small violations of × unitarity
We analyse next the most salient consequences of having small violations of unitarity. Although our analysis is done within the framework of one isosinglet quark T , a good part of our results hold in a much larger class of extensions of the SM. The crucial ingredient is the presence of small violations of unitarity, independently of their origin.
Obtaining a large χ
From orthogonality of the second and third column of V , one obtains [14] :
where σ is a rephasing invariant phase,
It is clear that χ can be of order λ if one has, for example,
In the SM one has, of course, sin χ = O(λ 2 ), since only the first term in Eq. (5) is present. The crucial conclusion from Eq. (5) is that in order to obtain χ of order λ, the coupling of the T quark to the bottom quark has to be of the size of Cabibbo mixing, while the coupling T to the strange quark has to be of the same order as V ts . We shall see through the examples that these values of V T b , V T s can accommodate the present experimental constraints. It is further required that the phase of the rephasing invariant σ is of order one, which in the phase convention of Eq. (1) implies that the phase of the bilinear V T s V * T b is large. So far, we have not exploited the connection between the size of χ and violations of unitarity arising from non-orthogonality among the rows of V . In order to see this connection, let us consider orthogonality of the second and third rows of the 4 × 4 unitary matrix U. One obtains:
where δ is the rephasing invariant phase δ = arg(V * tb U * 24 V cb U 34 ). It is clear that in order to have χ = O(λ), having |U 24 | |U 34 | of order λ 3 is required, for example:
This has important implications for rare top decays which we analyse in the next subsection.
Rare top decays
From Eq. (3) it follows that the FCNC couplings of the typec L γ µ t L Z µ are proportional to |U 24 U 34 |, which measures deviations from orthogonality of the second and third rows of V . On the other hand, as pointed out above, Eq. (6) tells us that having χ of order λ requires |U 24 U 34 | of order λ 3 . This in turn implies a significantc L γ µ t L Z µ coupling which leads to rare top decays t → cZ, at rates such that they can be observed at the LHC. Therefore, in the framework of this model, one finds the following important correlation: a large value of χ necessarily implies rare top decays of the type t → cZ, visible at the LHC. This is a distinctive feature of this framework.
Contributions to
As previously mentioned, in the present framework there are FCNC in the up-quark sector, contributing to Z couplings toc L γ µ u L at tree level [19] . In order for these couplings to be able to account for the observed size of D 0 -D 0 , without having to invoke long-distance contributions to the mixing, the size of |U 14 U 24 | has to be of order λ 5 [20] . On the other hand, we have seen that in order to obtain χ of order λ in this framework |U 24 3.4 Deviations of unitarity in the first row of V and the size of χ ′ .
At present, the most precisely measured elements of V are |V ud |, |V us | [21, 22] :
This leads to the following upper bound
It is clear that |U 
where
). This is a generalization of the relation for sin χ . In generic models with violations of 3 × 3 unitarity sin χ ′ can be significantly larger.
Examples
In this section we will present some examples of mixing matrices V which have been obtained by imposing the following requirements 2 :
• sizable mixing induced, time dependent, CP-violating asymmetry in B 0 s → J/ΨΦ for the CP-even part of the final state, A J/ΨΦ ≡ sin 2χ ef f , where 2χ ef f = − arg M Bs 12 . For this observable, already accessible at Tevatron, we consider in particular the last D∅ result 0.540 ± 0.225 [5] .
• the contribution to
mixing from tree level FCNC mostly accounts for the observed value [7] . Apart from the previous contribution -'short distance' originated -, there might be important long distance ones. Therefore, examples giving significantly smaller contributions to x D are also shown, illustrating, as already mentioned, that large x D are not compulsory in the scenario under study.
• agreement with purely tree level observables constraining V , namely, moduli in the first two rows and the physical phase γ.
• agreement with the following observables potentially sensitive to New Physics [4, 13, 14] : -neutral kaon CP violating parameters ǫ K and ǫ ′ /ǫ K [23] .
-branching ratios of representative rare K and B decays such as
-electroweak oblique parameter T , which encodes violation of weak isospin; the S and U parameters play no relevant rôle here [11] .
Note that in the region we are interested in, other precision electroweak parameters like R b give similar constraints to those obtained from T [27] .
• beside those experimentally based constraints, agreement with the available results is required for every parameter entering the calculation of the observables, like QCD corrections, lattice-QCD computed bag factors, etc.
Example 1, m T = 300 GeV and large x D
For the first example we have a rather light value for the mass of the additional up-type quark, m T = 300 GeV, the following moduli of U ⊃ V : 
and the phases (presented here and in the following in an easily readable phase convention): The set of relevant observables that follow are displayed in table 1.
Example 2, m T = 300 GeV and x D not large
The next example also corresponds to a mass m T = 300 GeV but short distance contributions alone do not produce a value of x D close to the experimental result. The moduli of U ⊃ V are now: Beside the previous examples with m T = 300 GeV, examples with the additional up-type quark being heavier are also interesting; we now present a couple of them for m T = 450 GeV. 
Comments
At this stage the following comments are in order. Observable t → cZ decays at the LHC and
The branching ratio of t → cZ decays has, in the above examples, values 10 −4 − 10 −5 , which are typically within reach of the LHC detectability expectations [28] . For an integrated luminosity of 10 fb −1 this branching ratio can be explored down to 3.1 × 10 −4 , for an integrated luminosity of 100 fb −1 this figure is pushed to 6.1 × 10 −5 . Together with t → cZ, the decays t → uZ are also of potential interest. Nevertheless, the corresponding branching ratio is much smaller -typically O(10 −6 ) -, as could be anticipated from the bounds on |U 14 | being tighter than on |U 24 |. Notice once again that these branching ratios of t → qZ decays are not unavoidably obtained with such a size: they would automatically drop down for mixing matrices much closer to the 3 × 3 unitary case. It is however true that once we focus on the possibility of obtaining significant phases in B By the same token, |V tb | is sizeably different from unity, affecting single top production at hadron machines and other observables.
Once we have imposed the different constraints explained above, there are other rare decays that can be slightly enhanced. This is the case of K L → π 0 νν and B s,d → µ − µ + . The predictions are always below the actual experimental bounds 3 . At this stage, it is worth mentioning that recently an up-type isosinglet quark extension of the SM has been considered in the literature [27, 29] , where it is assumed that the heavy quark T only mixes with the top quark. One can readily see that effects such as sizable χ, t → cZ decay rates or D 0 -D 0 mixing contributions, proportional to |U 24 U 34 | 2 and |U 14 U 24 | 2 respectively, are absent.
Summary and Conclusions
We have investigated the question of how to accommodate the large value of χ ef f (of order λ) recently observed in the flavour-tagged determination of mixing induced CP violation in B s → J/ψφ decays. If confirmed, this value would signal the presence of New Physics, since in the SM, one necessarily has χ = χ ef f = O(λ 2 ). We have pointed out that in models with small violations of 3 × 3 unitarity, one can have χ ef f of order λ provided the new quark T mixes significantly with the top and also with the charm quark. This enhancement is in part due to an important correction in the exact relation between χ and other rephasing invariant quantities. We have carefully examined the implications of the model for various important observables which severely constrain any extension of the SM. We have found that in order to have χ of order λ, while conforming to the above constraints, the mass of the T quark cannot exceed around 500 GeV. It is clear that other New Physics may also lead to χ ef f = O(λ). For example, in some extensions of the SM, including the supersymmetric ones [30] [31] [32] , there are New Physics contributions to B Recently there has been a great deal of interest in investigating flavour implications, including a possible enhancement of χ in theories beyond the SM, such as Little Higgs models [33] [34] [35] , four generations [36] and supersymmetric extensions [37] . The distinctive feature of the present model is the fact that a value of χ = O(λ) necessarily implies rare top decays t → cZ at a rate observable at the LHC. We have also examined the question of D 0 -D 0 mixing. In the present framework, there are new contributions to this mixing, arising at tree level from Z-mediated flavour changing neutral currents. We have pointed out that even taking into account the limits on deviations of unitarity arising from normalization of the first row of V , one can have values of U 14 leading to contributions to D 0 -D 0 mixing which can account for the present experimental value, without having to invoke long distance contributions. It was emphasized that, contrary to the case of t → cZ decays, this is not a mandatory feature of the present model, since the new contributions to D 0 -D 0 mixing can be made arbitrarily small by choosing U 14 sufficiently close to zero. In conclusion, the presence of small unitarity violations may have important effects on the size of χ and other measurable quantities, which will be probed with higher precision at LHCb and future superB factories. Br(K L → µμ) SD < 2.5 × 10
A Numerical input
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Br(B → X s ℓ + ℓ − ) (1.60 ± 0.51) × 10 It is clear that A J/ΨΦ has two contributions: one from χ and the second coming from the new heavy top quark T running inside the box diagram, namely ϕ. The Inami-Lim [43] functions S verify S(x t , x t ) = S(x t ). In order to understand the behaviour of these two contributions let us stress the following facts:
• In reference [14] we have shown the existence of a screening: in the limit m T → m t , and independently of the value of χ, we have χ+ϕ = O(λ 2 ), as in the SM. More precisely, So in the limit m T → m t , ϕ is either order −χ -for χ ∼ λ -, or very small -for χ ∼ λ 2 -.
• The phase ϕ is dominated by the imaginary part of − S(xt,x T ) S(xt) V * T s V T b V * ts V tb . Note that the ratio of CKM matrix elements is at most of order λ.
• The x T dependence of the Inami-Lim function S(x t , x T ) destroys the cancellation in Eq. (18) as soon as we move away from m T = m t . For example, S(x t , x T ) ≃ 1.5S(x t ) for m T = 300 GeV, and growing with m T .
So we conclude that to have χ ef f of order λ, we have to pick χ of order λ and, as soon as the mass of the new quark T grows, we will get χ ef f of the same order and opposite size. That is the reason why in all our examples, to have χ ef f of order λ and positive, we need χ of order λ but negative. So it turns out that to have a large positive A J/ΨΦ one has to start with a large negative χ.
